PURPOSE. This study aimed to quantify the impact of exposure to high altitude on individual layers of the cornea in regard to central corneal thickness (CCT) and the geometry of the anterior chamber angle (ACA). This work is related to the Tübingen High Altitude Ophthalmology study.
xposure to altitude-related hypoxia is an increasingly relevant scenario due to rising popularity of high altitude trekking and mountaineering, where alterations of optical system parameters can potentially have deleterious effects. Indeed, visual orientation, reading instruments, and maps can become a life-saving necessity in mountaineering. Additionally, increasing numbers of people have undergone forms of corneal surgery before climbing, which might constitute an additional risk factor. 1 At the same time, there is a growing body of literature suggesting significant alterations, which may affect proper visual function to critical components of the optical pathway such as the cornea due to high altitude exposure. [2] [3] [4] [5] Despite this obvious importance, high altitude ophthalmology studies face logistic challenges typical of fieldwork, where it may be necessary to use instruments more appropriate to the respective conditions, rather than gold standard techniques. Hence, most high altitude ophthalmology studies, for example, have used handheld devices to measure intraocular pressure 6 or central corneal thickness (CCT), 5 often under challenging conditions. Others have tried to circumvent this problem by recording changes several days after the exposure to altitude or simulating altitude hypoxia in hypobaric hypoxia chambers. [7] [8] [9] [10] However, measurements acquired any time after descent or in chambers may not necessarily reflect the changes during exposure to high altitude-related hypoxia. 7, 11 These difficulties may account for some of the variability in results and conflicting conclusions drawn from those studies.
The Tübingen High Altitude Ophthalmology (THAO) study tried to overcome these challenges by using the research facilities at Capanna Margherita (4559 m, Italy), where state-ofthe-art instrumentation could be operated under standardized conditions. 11, 12 As such, the study design and location provided ideal logistical solutions to such an undertaking with the additional benefit of an established ascent profile already used in numerous previous studies on high altitude medicine especially in regard to acute mountain sickness (AMS) and high altitude pulmonary edema. 13, 14 This study aimed to quantify changes of individual layers in the central cornea and anterior chamber angle (ACA) and anterior opening distance (AOD) as measures of anterior chamber geometry during acute exposure of healthy volunteers to high altitude using high-resolution anterior segment optical coherence tomography (AS-OCT). In contrast to methods used in previous studies, [3] [4] [5] which reported total thickness of the central cornea, AS-OCT allowed us for the first time to objectively quantify the impact of altitude exposure on distinct anatomical corneal layers and to study these changes in regard to AMS by using a previously established exposure protocol in unacclimatized subjects. In addition, this method also allowed us to quantify changes in the anterior segment angle geometry, which often constitute determining clinical factors in pathological changes of intraocular pressure (IOP) due to their known effect on the aqueous outflow resistance and regulation of intraocular pressure. [15] [16] [17] [18] [19] As such ACA and AOD may play a role in IOP changes during high altitude exposure and quantitative assessment of these additional geometric endpoints seemed relevant. 20 
MATERIALS AND METHODS

Study Design
Fourteen healthy subjects ascended to the research facility at Capanna Margherita (CM; Valais Alps, Italy) according to a previously published ascent profile (Fig. 1) . 12 Subjects started from Gressoney (Italy) at 1635 m to Punta Indren at 3260 m by cable car on day 0 followed by 2 hours of trekking to the Capanna Gnifetti at 3647 m and further ascent on day 1 to CM 4559 m within 4 to 6 hours. Ascent of all subjects was completed within 24 hours from Gressoney to CM and all subjects spent three nights (from day 1 to day 4) at the research facility at high altitude before descending back to Gressoney on day 4. Before and after high altitude exposure, subjects had to spend >14 days below 2000 m to exclude confounding effects due to previous altitude exposure and to perform respective baseline recordings (BL1 ¼ before and BL2 ¼ after the ascent). All subjects were physically fit and healthy (seven women, seven men; mean age [6SD] was 36 6 9 years; range 25-54 years) and were of Caucasian descent living at altitudes between 200 and 500 m above sea level. None of the subjects were trained mountaineers, and professional guides were hired to ensure safe ascent to the Capanna Margherita. Ophthalmological exclusion criteria were current or positive history of conditions affecting the anterior chamber geometry (e.g., corneal dystrophies and/or lesions, history of corneal surgery, glaucoma, pseudophakia, contact lens wear) on either eye and/or optical opacities limiting imaging quality. The study was performed in accordance with the tenets of the Declaration of Helsinki 1975 (1983 revision) and was approved by the local institutional review board (Ethik-Kommission der Medizinischen Fakultät und am Universitätsklinikum Tübingen, IEC project number: 258/2010B01). All subjects gave written informed consent after having been informed of the nature of the research expedition.
Anterior Segment Optical Coherence Tomography
To quantitatively measure the thickness of individual layers of the cornea, CCT, ACA, and AOD at 500 lm two identical Spectralis HRAþOCT (Heidelberg Engineering, Heidelberg, Germany) devices fitted with the same prototype anterior segment lens provided by the manufacturer were used for baseline recordings and for measurements at altitude as previously described. 11, 12 To minimize diurnal variation, all subjects (only right eyes) were assessed once a day at 9:00 AM, approximately 2 hours after awakening. All recordings were performed by the same investigator. Briefly, subjects were placed in a room with standard lighting conditions and instructed to fixate the projected visual target from the Spectralis HRAþOCT instrument with their right eye. First, high-resolution line scans of the central cornea were recorded to determine CCT and the thickness of individual layers of the cornea. Next, the gaze of subjects was directed to 308 adduction to expose the temporal limbus corneae directly to the lens of the Spectralis HRAþOCT. High-resolution line scans of the temporal part of the anterior chamber were recorded to determine ACA and AOD at 500 lm at the 9 o'clock position. For all line scans, nine recordings were averaged while correcting for eye movements using the proprietary TruTrack function in order to triple signal to noise ratio.
To ensure comparability of iterative measurements by correcting for errors such as tilt and orientation, we exported the data from the baseline recordings performed at the University Eye Hospital Tübingen in the proprietary format (.E2E) and imported it prior to follow-up measurements at altitude. Careful calibration of the laser light source of the Spectralis HRAþOCT device was performed after helicopter transport (Air Zermatt AG Heliport, Zermatt, Switzerland) in airfreight containers and re-assembly at altitude to ensure comparability of measurements as previously described. 11 On day 3, two of the subjects were not available for AS-OCT imaging due to discomfort and only data from 12 subjects were recorded.
Measurements of Individual Corneal Layers, CCT, ACA, and AOD at 500 lm were used to calculate the thickness of individual corneal layers, CCT, ACA, and AOD independently by two masked, experienced investigators (AZ, MDF). For corneal thickness values, line scans across the apex of the cornea were analyzed for tear film, epithelium, stromal, and combined Descemet's membrane and endothelial thickness (Fig. 2) . The software's calibrated callipers were used to quantify layers and values from both investigators were averaged after calculating interobserver variability. 17 For ACA and AOD values, the ''500 Calliper tool'' was placed on the scleral spur (SS) landmark structure (full arrowhead in Fig. 3a) . After locating the endothelial surface 500 lm distant from the SS with the apex (Fig. 3b ) of the triangular calliper tool, AOD was calculated as distance perpendicular from this point to the anterior iris surface. Lastly, the most peripheral recess of the ACA (empty arrowhead in Fig. 3a ) was defined to calculate the angular degree between the adjacent sides ( Fig. 3b) .
Clinical Assessment of High Altitude Exposure
For assessment of clinical parameters of high altitude exposure, parameters of AMS were determined as previously described. 11, 12 Briefly, Lake-Louise (LL) and the AMS-cerebral scores (AMS-C) of the Environmental Symptom Questionnaire (ESQ III) were used once for baseline recording at BL1 and BL2, and twice daily during altitude exposure. In line with previous literature, 21 AMS was assumed when both scores met the cutoff criteria set for LL ‡ 5 in the presence of a headache and AMS-C ‡ 0.70 as described previously. 11, 12 Measurements of oxygen saturation and heart rate (HR) were performed once at each baseline investigation and at high altitude in the morning before getting up and in the evening after >5 minutes rest with a finger pulse oxymeter (oxy control 4c; Geratherm Medical AG, Geschwenda, Germany). Values were recorded after one minute of steady measurement.
Statistical Methods
Statistical analysis was performed using JMP (Version 8.0.2; SAS Institute, Cary, NC). Detailed longitudinal analysis was achieved by multivariate analysis of variance (MANOVA) for repeated measures. To evaluate a possible correlation between changes in thickness of individual corneal layers and AMS or basic physiologic parameters, Pearson's correlation coefficient between recorded values and clinical parameters (oxygen saturation by pulse oximetry [SpO 2 ], HR, and AMS-C) were calculated. Shapiro-Wilk test showed that all relevant data sets used in the Pearson's correlation analysis were normally distributed (AMS-C, P ¼ 0.11; HF, P ¼ 0.27; SpO 2 , P ¼ 0.35; central stromal thickness, P ¼ 0.22). Interobserver variability was assessed with the coefficient of repeatability (data presented for BL1 and day 1). In addition, intraclass correlation coefficients (ICC) were calculated for all time points and including all data sets (single layers, ACA and AOD) for every time point. Data are shown in terms of intra-individual differences (value during altitude exposure minus value at BL1) with 95% confidence limits at each time point. . Statistical analysis of all data sets showed no statistical difference between baseline recordings before and after acute exposure to high altitude (BL1 versus BL2), thus indicating the stability of our baseline recordings and the reversibility of any changes associated with high altitude exposure.
RESULTS
Measurements
All 14 healthy subjects successfully climbed to the research facility at CM and showed a moderate, yet statistically highly significant (P < 0.05) thickening of the CCT on day 1 and day 3 (CCT baseline ¼ 539.27 6 32.30 lm versus CCT day1 ¼ 558.87 6 29.39 lm versus CCT day3 ¼ 567.17 6 33.40 lm; mean 6 SD) during their exposure to high altitude compared to baseline recordings (Figs. 2a, 2b) . Specifically, the central cornea showed significant thickening of the stromal layer but no changes in any other component of the corneal tissue during high altitude exposure (Figs. 2c-f ; Table 1 ). This change was completely reversible upon descent and no subject demonstrated persisting structural or functional sequels.
AMS-C scores and HR reached highest levels on day 1 after arrival at CM, whereas oxygen saturation was expectably decreased (Table 2 ) with overall lower but non-significant changes in AMS positive subjects (data not shown). Incidence of AMS was 64% in the evening 6 hours after arrival at CM on day 1 and prevalence decreased in the following days as expected with acclimatization (morning of day 2 ¼ 50%, morning of day 3 ¼ 21%, morning of day 4 ¼ 14%; Table 2 ). This was in clear contrast to the stromal edema, which showed further increases from day 1 to day 3 despite systemic acclimatization of subjects (Figs. 2c-f ; Table 1 ).
Geometric measures of the ACA remained consistent with no significant changes in AOD or ACA during exposure to high altitude as illustrated in Figure 3 and Table 1 .
As previous studies 5, 6, 11, 12, [22] [23] [24] [25] have provided equivocal results regarding a correlation between AMS and ocular changes under hypoxia and/or at high altitude, we calculated the association between AMS-C, HR, and SpO 2 and changes of stromal thickness in the central cornea on day 1 and again on day 3 when respective measurements were performed. As shown in Figure 4 , there was a significant correlation between stromal thickness and AMS-C on day 1 (r ¼ 0.71; P ¼ 0.01), but not on day 3 (r ¼ 0.05; P ¼ 0.87; Figs. 4a, 4b) . None of the other correlation analyses (HR, SpO 2 ) suggested a dependency between systemic measures and stromal edema formation (Figs. 4c-f ). Subgroup analysis showed that subjects with more pronounced stromal edema did not have significant different AMS-C, LL, or SpO 2 values from subjects with less pronounced stromal edema formation (data not shown).
DISCUSSION Corneal Edema Formation
Hypoxia is a common pathogenic mechanism in corneal edema formation. Even contact lens wear and lid closure overnight can cause a measureable increase in corneal thickness in healthy eyes. 26, 27 While other ocular tissues such as retina and choroid are directly perfused and as such able to adapt to different levels of oxygenation, 11 the cornea as an avascular tissue solely relies on oxygen tension of tear film and, to a lesser extent, aqueous fluid. 28 Without the ability to regulate local oxygen provision, corneal endothelial pump function is diminished under hypoxic conditions and corneal edema forms below a certain threshold level needed to maintain corneal deturgescence. Experiments under local anoxic/hypoxic conditions in human subjects and rabbits have shown that epithelium remains largely unchanged, indicating that the increased total corneal thickness is most likely due to stromal edema formation. 29, 30 This observation was supported by further experimental evidence, which showed that oxidative metabolism is reduced in hypoxic epithelial cells, which adapt to anaerobic glycolysis for energy production. 30 This leads to increased lactate production, which diffuses posteriorly across the stroma and endothelium to be eliminated via the aqueous humor. Increased lactate concentration within the corneal stroma leads to an osmosis-driven influx of water [31] [32] [33] and a further reduced activity of the endothelial pump function, which is already challenged by hypoxia itself. 34 Excess hydration of the corneal stroma disrupts the normally uniform periodic spacing of Type I collagen fibrils, creating light scatter. In addition, excessive corneal hydration can result in edema of the corneal epithelial layer, which creates irregularity at the optically critical tear film-air interface. Both stromal light scatter and surface epithelial irregularity contribute to degraded optical performance of the cornea and can compromise visual acuity, which is of great importance during high altitude endeavors.
Our data show that exposure to high altitude-related hypobaric hypoxia challenges the avascular corneal tissue and leads to a moderate, selective swelling of the corneal stroma without evidence for epithelial or endothelial edema formation. The moderate nature of these changes is in concordance with previously published results of the THAO study and other studies, in which no significant changes on best-corrected visual acuity measurements could be observed during altitude exposure. 5, 11 Previous studies investigating the change of corneal thickness at altitude have used ultrasound-based techniques to assess CCT. While ultrasound pachymetry is considered to be the ''gold standard,'' the recording procedure chosen in previous altitude studies involves contacting the corneal apex with a manually guided recording probe and itself can cause disruption of the anterior corneal epithelium, and placement of the probe is difficult to reproduce. More importantly, this technique only provides measures of total corneal thickness and does not yield data on the differential contribution from individual corneal layers or any information on qualitative changes within the tissue. This is in contrast to noncontact AS-OCT, in which individual layers can be discerned and analyzed both quantitatively and qualitatively. Hence, our data provide the first direct evidence of selective stromal edema formation due to high altitude-related hypobaric hypoxia in healthy subjects. The lack of epithelial edema formation and relative moderate (4.3%) stromal thickening is in line with previously published data and shows that Data are displayed as mean of absolute values 6 SD. * Statistical significance to baseline value (P < 0.05).
exposure to high altitude according to our ascent profile seems to be safe for healthy subjects because it does not alter visual acuity and is completely reversible after descent to lower altitudes. 4, 5 Indeed, it is comparable to diurnal fluctuations due to lid closure, which can cause corneal thickening of up to 3.9% overnight. 27 However, exposure to more extreme altitudes, at which hypoxia is more severe, may result in a greater corneal edema, which may even lead to visual problems.
1,2
Correlation Between Corneal Edema and AMS
There is conflicting evidence on the correlation of AMS and related parameters versus ocular changes due to exposure to Anterior Chamber Geometry at High Altitude IOVS j June 2013 j Vol. 54 j No. 6 j 4246
high altitude, such as optic disc swelling, changes in central retinal thickness, intraocular pressure changes, and ocular circulation. 11, 22, 23 Regarding corneal edema formation at altitude, Bosch et al. 5 found an increase in CCT using ultrasound pachymetry and reported a correlation between CCT values and both SpO 2 measurements and AMS-C scores. Comparison of two cohorts with different ascent profiles led the authors to conclude that a slower acclimatization profile resulted in less corneal edema. This is in contrast to our findings, in which a significant increase in CCT is met with increased AMS-C scores (from 0 at BL1) only on day 1. It is well known that successful acclimatization reduces AMS-C scores and thus the incidence of AMS, and improves related physiological measures such as SpO 2 and HR over consecutive days. In our study, CCT showed a continuous rise from day 1 until day 3 while at the same time the incidence of AMS rapidly decreased and HR and SpO 2 increased (Table 1) . This finding is supported by another study by Morris et al., 4 which also found a continuous increase of CCT during 7 days of altitude exposure (5200 m). This may indicate that the effects of acclimatization directed towards increasing systemic SpO 2 are effective to reduce AMS-related parameters but do not play a major role in resolving stromal edema formation caused by hypoxic stress. Indeed, since only a small proportion of the corneal oxygen demand is met by diffusion from the aqueous humor, and oxygen is mainly supplied transcorneally via tear fluid to the aqueous humor, the atmospheric oxygen pressure might well be one dominant factor. 35 This in turn would explain why an increase in systemic SpO 2 through acclimatization is not effective in resolving the edema.
However, it is important to keep in mind that the these studies feature different study designs. Thus, respective confounding factors such as exercise would be expected to have variable influence, which makes a direct comparison difficult.
Aqueous Outflow Configuration and IOP
Previous ophthalmological studies at high altitude have produced equivocal results regarding the effect of high altitude on IOP. None of these studies used the gold standard technique (Goldman tonometry) to measure IOP for logistical reasons, but relied on portable devices. While some studies reported an increase, others documented a decrease or no change. 6, [36] [37] [38] [39] [40] [41] Bosch et al. 6 described an increase in IOP from baseline recordings (490 m) to an altitude of 5530 m, with a subsequent decrease of IOP during the ascent to 6265 m and descent back to baseline altitude. A positive correlation of IOP values with SpO 2 data in their subjects led the authors to hypothesize that oxygen deprivation causes a decrease in aqueous humor production in the nonpigmented ciliary epithelium with a consequent decrease in IOP.
Clinically, the most common form of increased IOP is observed in patients with primary open-angle glaucoma and other less common forms of glaucoma. One common denominator of these conditions is an increased outflow resistance of aqueous humor rather then changes of aqueous humor production. The geometry of aqueous outflow facilities in the ACA constitutes an important determinant of outflow resistance. Therefore, it was of interest to investigate, whether ACA and AOD would change during exposure to high altitude. Our data clearly show, that these parameters remained constant throughout the study, which makes it unlikely that anterior chamber geometry plays a major role in the dynamics of IOP fluctuations due to high altitude exposure.
Limitations of the Study
Our data show considerable interindividual differences in CCT change, which was expected from the existing literature demonstrating individual susceptibility profiles to corneal hypoxia. 4, 42 Unfortunately, we were not able to perform measurements on day 2 at altitude, which would have been helpful in order to draw a more in-depth conclusion about the correlation of AMS in regard to CCT. However, respective correlations of AMS of day 2 with CCT values of day 1 and day 3 revealed no correlation (data not shown). Thus, the positive correlation of AMS versus CCT on day 1 remains puzzling, and it can only be speculated that this stromal edema may initially overlap with the incidence of AMS, but that the systemic effects of acclimatization do not play a major role in resolving stromal edema formation caused by hypoxia.
ACA and AOD do not describe the aqueous outflow pathway in total. Specifically, current AS-OCT devices do not sufficiently resolve distal outflow structures such as collector channels and intrascleral vasculature. This limits the complete assessment of outflow mechanics by quantitative or qualitative analysis of relevant anatomical landmarks. However, successful application of customized OCT devices in this regard shows the potential of future developments. 18 Additionally, the current study investigated the anterior chamber geometry only through line scans at the 9 o'clock position, while aqueous outflow structures may vary across the full 3608. However, since we investigated intraindividual longitudinal changes, the chosen location might be regarded as being less important than the relative variations over time. Finally, it would be interesting in future studies to investigate subjects with history of refractive surgery and/or glaucoma to explore their response to high altitude-related hypoxia.
CONCLUSION
This is the first study showing the response of all corneal layers to exposure to high altitude-related hypobaric hypoxia. In addition, the use of high resolution AS-OCT provided quantifiable imaging data of the aqueous outflow configuration. Both data sets provide new insight into adaptation of the ocular system to high altitude and into the discussion of biomarkers and the unknown pathophysiologicy of AMS. The lack of a significant correlation on day 3 between corneal edema formation versus measures of mountain sickness or related physiological measures indicates that the underlying mechanisms of corneal edema formation and AMS differ to a considerable extent but may initially overlap. While AMS is most probably regulated by systemic acclimatization responses, corneal edema formation seems to be more directly dependent on atmospheric oxygen pressure and does not resolve with higher blood oxygenation.
